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Surface modification of magnetic nanomaterials via silane coupling agents:

Mechanisms, key factors, and adsorption applications

ZHOU Shuwei' , WU Qiong"?*, FU Hong' , YANG Fang”
(1. College of Biological Science and Engineering, Fuzhou University, Fuzhou 350108, China;
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Abstract: The practical application of magnetic nanomaterials (MNMs) in the analytical field is constrained by the
agglomeration problem resulting from their high surface energy. Surface modification is a crucial approach to en-
hance their stability and functionality. By leveraging their bifunctional characteristics, silane coupling agents (SCA)
can effectively construct functionalized interfaces on the surface of MNMs, providing a novel strategy to improve
adsorption performance. This article systematically reviews the physical and chemical modification methods of
MNMs, focusing on the modification mechanisms of SCA, including the silanization reaction driven by hydrolysis
and condensation, as well as the regulation of this process by factors such as catalysts, solvent effects, and molecu-
lar structure. Furthermore, this study summarizes the enhancing effects of SCA modification on the dispersibility,
surface activity, and adsorption performance of MNMs, and reviews its progress in the trace analysis of heavy
metals, organic pollutants, and complex matrices. Finally, this paper addresses the current issues of insufficient
stability and environmental risks associated with SCA modification. It also looks forward to the prospects of SCA
modification processes and the construction of novel MNMs, aiming to expand the application potential of SCA-
modified MNMs in the analytical field.
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SCA modification can effectively
enhance the surface modification
sites of MNMs, thereby improving
their functionalization potential.
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Fig.2 Silane coupling agents (SCA) modification enriches the surface modification sites of magnetic nanomaterials (MNMs)?*>"
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MTMS—Diethoxydimethylsilane; MTMOS—Methyltrimethoxysilane; PTMS—Phenyltrimethoxysilane; KH792—N-(B-aminoethyl)-y-
aminopropyltrimethyl(ethoxy)silane; TMOS—Trimethoxy(octyl)silane; APTMS—(3-aminopropyl)trimethoxysilane;
GPS—3-glycidoxypropyltrimethoxysilane; MMS—Methacryloxymethyltrimethoxysilane; MPS—y-methacryloxypropyltrimethoxysilane;
DPEA—3-(diethylamino)propyltrimethoxysilane; MTES—Methyltriethoxysilane; APTES—(3-aminopropyl)triethoxysilane;
MPTS—3-(mercaptopropyl)triethoxysilane; CTES—(3-cyanopropyl)triethoxysilane; TEOS— Tetraethyl orthosilicate
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Fig.3 Abbreviations and chemical structures of commonly used silane coupling agents'
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Fig.4 Schematic diagram of SCA modifying MNMs through condensation or hydrolysis™*"
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Vs 0 I N R T R MU E T B R sk
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Feul HBEA I, 10 7 % SCA 7K fift ()4 4k 35 P

ik 4n Schmidt 5 B 78 M & fF FAFSE T 9 3k —
FH 42 L 7t be (Trimethoxy(octyl)silane, TMOS) 7& H
o fie A FR R b K, T R L R A
W, AR TR B st 2 1k, F Bk 35 T
5 HRR I U, TMOS B 7K fiff 38 5 I

B M 1 700 5 25 A% 1 25 R Ak B TR B S
Sy B BRAHE 1L SCA 4 &, fE HE R M 1k SCA 4 & 5
7T A 5T 700 000 2 777 A6 R R R 80R o
224 HABKEZER

BRAEALTR . 25 ) Sam RO oh, Hoph A0k (R
JE U EESE) 4 S SCA By UK i . 4, Jiang
ZEWT AR R 2 R LA 1,4- BB B N IR FIAE ST T IR
BE (22°C. 28°C. 36°C il 52°C) % MTES 7K fift 3 %
B2, LA FTIR O % & T 220 Mk & (1) MTES
WP . 45 R, MTES 78 52°C 7K fi# 30 min 75 %]
PR MR B 5 7F 36°C JK M 1h — 2, 1M 7E 28°C /K
fif 150 min 15 2 (1 BRI JE 5 78 22°C /K fi# 200 min
— P, KU MTES (14 7K fiff 38 3 Bl 15 5 398 i 1 34
e, Ak, SCA 1 K fff 3 2R I 7 VR B 1Y 52
W5 &, 1mol 1Y = b A Ak L 2 7 2 3 mol
B “HEK” AR5 KM, SCA M g i X}
R A& Z [ E AR T B R R Y, 7 —
MR Z& B B K Y R 230 R T SCA, K I SCA ¥k
JE B IR T K R R (1 6).

2.5
Y A . M
i / J e
20 - [ e
i f / 4
_ v A ’ -
7 I / -
2 15F ' "
I / s
& vt
= // /./ . [PTMS],
E 1.0 /7 = 13.3 mol/L
g:_ ,//A /,/ /_,/" 8.9 mol/L
Z os | e o --%- 6.7 mol/L
I}V/,. » A 4.9 mol/L
y’.-’ e —-e-- 2.2 mol/L
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[PTMS]; represents the concentration of PTMS at different time in the
reaction system; [PTMS] represents the initial concentration of PTMS
in the system
Pl 6 ANIRIve BE A = H SR REGE (PTMS) F7K fift 8l )12 i 28
Fig.6 Hydrolysis kinetic curves of different concentrations of
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phenyltrimethoxysilane (PTMS)"
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7t CoFe,0,@Si0, % 1 f4 & £ 1L Si0, 2, fifi Kb
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REBEZ A B 10 A5 P R 1 2 FRAK SR 7 MNMSs 1Y
TRnRE AR BT, T RN A R AR fE MNMs &
P4t MINMs f9 68 JI5 R P 38 8 AN 2 kA g, FE
VSM il 2t £ b 5L 8™ R o bR s L (A5 E
B, SCA A HLEE R 51 A v] BB 4 7 3 MNMs
RGN R, T BOW B 25 1 5 W 53 2 PR AL
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Fig.7 XRD patterns (a) and hysteresis loops (b) of Fe;0, nanomaterials before and after SCA modification®®
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B B A — A B & IR 3 e AR T Ab,
R Ty BE L 1A T 3 Ak A 4 A RN e 5 AR
W B P B R B, Horh & (—NHy) & H
i f UL B T ek B 22—, 41 Wang % 75
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Fe;0,@Si0, LAl I it —2 R H 3-" N5 = H &
HHE ST ((3-aminopropyl)trimethoxysilane, APTMS)
5 T S AR 3 i A RO B K Y Cu
Pb* I Cd*, H K 23 52 & 58 IR al H Al 4 & & 1
(Na*, K'. Mg*)# mi (& 8). M4k, Zhang 55
15 & HE b MNMs (9 3 fify E 3F — 25 5] A —SH il
w1 BUE AE Wk W R R, 2 AT] >R I TEOS 7
CoFe,0, % i i % Si0, )2 , i J5 18 i+ CTAB Fl
TEOS i & 7F CoFe,0,@Si0, % [fi 14 1 £ 1L Sio, |2
(mSiO,), WA ML= 1 B RHAY bb 2 T AR S 3R T
B s, Bl S RE T 3- LN Ak = £ S R b ((3-
aminopropyl)triethoxysilane, APTES) F1 3-%i N &
— H 4 3t fif B¢ ((3-mercaptopropyl)triethoxysilane,
MPTS) 1 fif: %5¢ A6 B 7 i) 4 1T 22 £L A% 5¢ g Ve #F Rk
CoFe,0,@Si0,@mSi0,-SH/NH, (] 8), Langmuir
S 2 AU G A5 2R R WG PR B OREXT Hg Y Qp 1A
504.34 mg/g, i TG MR RL (hn S Ak Ay S50
X Hg* ) Qu A 2.90 mg/g®, 1% ¥ 5 XF Hg* ) Qp
k1 129.00 mg/g™)., X W] Al 55 U R M A Ak 2R T Ry

Preparation of SCA-modified MNMs
APTES

Direct use for
adsorption

SR B ARG, RS ERME AT, Hg R
Ll Hg(OH)*fil Hg(OH), £ 17 1E, CoFe,0,@Si0,@
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PR IR AT, 320bA L 3 TR B 457 s X Hg™ 1) W i T 72
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ALY (UL A2 TN 2 5 JU E A
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4b 3 | Fenton A fb) FATEREFE & . RIS~ W) 2 4 5%
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Fe.0,NH, Application of SCA-modified MNMs
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CS—Chitosan; G—Graphene; mG—Magnetic graphene; TA—Tertiary amine; GO— Graphene oxide
€18 SCA-MNMs T Ao Hr# iy i
Fig.8 SCA-MNMs used for the determination of different analytes
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P m-n A AR FH S 09 2B . 40 Nodeh 451 il
Tang % * ¥ LI TEOS 24 ¥4 Fe;0,, Fifi J5 43 Il i i
Yo s R AL 2 Ve 25 G A B R (G), T G B Ik
LT S5 A IG5 EH AR e HESAEH, X
KA 4 B AR 2 (ROAH €35 I F 4 R A DU 4%
B9 H B (Limit of detection, LOD) ik £ 1.4 pg/mL)
o v o B 2 e AR R (O Jo il B O ik W FL B R AT
I [¥] 5 33% B9 LOD 4 0.01 mg/L) ¥ H % B 1Y & 4
PERE (1 8). 55 A2 Z DI th R B . 40 Jiang
S5 O3 1 22 25 O W b S W B R, R Sl
TEOS Fll APTES 19 fift % £k ol 14 il 7% 2 5 fk Fe;0,,
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F-nfEH . =M R AHA MR, W Rashidi
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K 5L (—CHg), H T A 25 W B K A i 4% 1
St 25 (B . SRR . R R SE ),
A 6 T TR T A R AR T % 4G T A9 LOD A 1.4~
23.7 pg/mL,
4.3 EXERDPREREBEWHF

RME ST (B . AR AR R AR
BA Wy (RS YR 3 BT T I 2 PR . SR B Ak R
AW i : —2EFETIMYREE L (&
F. IR, B LTI, SEERYES 8
36 s AR s R B bR MR AR (ng/L
Z pg/L ), fEginrhb ¥y vk (An B AR ZE D 4
AT A A 10T o PR A 2 AN R B R 1 2

ME DL S 80 . DAR Al A 24 R B A A 4]

iR R L TR A HiRY
T A A, IR S AE A - B o A g R T
TN, 3 R AR I R

SCA-MNMs i it 2y B 5 W1 %2 ) 35231 5 3% 1
PE BRI 45, il e bR 1) AR IR T B R
W& . Nodeh % P DL 3-( N ik = & %03k &E it ((3-
cyanopropyl)triethoxysilane, CTES) M 4 i ¥ 1
ffi (Magnetic graphene, mG) il & 19 F H L mG 7]
ARCE AW BEmERE . SRR . R RS
4 Pl P R AR AR M DB AR 25, AR 3 T A
FRAGI #5054 Ak 25 1) LOD #£ 0.01~0.06 ng/mL.
Chen % 3¢ F TEOS #l APTES i GO JL 454 T
Fe,0, 55 FIAK (Ionicliquid, ILs), %% Fe;0,@
Si0,@G@ILs fiE 8 3 P[] m-m #H AR A0 0 AR
JH & B8RS iy 20 F 7 JE ) . 4k, Ebrahimi
S 06 R L TR A TR A3 T S = AR R (y-
methacryloxypropyltrimethoxysilane, MPS) M 4 7F
Fe,0, # ME M H SN R 5L A, (R T
B RN R PO K i SChik R 25,
S AT - KA B AR RS I B 2 N7 7 R 1Y LOD Af
ik 0.8 ng/mL,

BE4h, 3 iF SCA-MNMs % &2 2% K & 2 5 Y
HAL RS, AT LA S P = A A ) Y T Gl AT T .
A4 3 5 SCA T FeyO, 3% 1H A8 # & & 0 i
HE AT R R W R SR, R A A ALER AFE N
Ve o B A RaF i W B MR, X IR B R
1) Qu A8 #8 T % 50 W BE A1 b A0 38 fk e SR 4R v T
69.09% %, LAk, Qi ZEPY A Liu %™ #5°% H N,N-
LKk -3-5 N H = W AR R R B (3-(diethylamino)-
propyltrimethoxysilane, DPEA) X 14 Fe;0,, 2%
ARk 2R T ) A T 3 i S B R B A A AL
R GER . BREpk . BRI AL R ROK JE 5 b iy
APLRR , JFBEA LC-MS/MS Il 5 T 50 Fift Fl 56 Fi
R, LSRR (K 8). SCA-MNMs
TE S 2 B Sl B o B S N, e
& i R 2 AR R R, TR A TR Ak
T5 2 A5 o
4.4 HftH

SCA X} MNMs FY % If i v AN AU g T HAE {5
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PP MNMs 1) 3R 135 M7 05 70 SO 1254, A
e T HAE b M RE . 140, Zhu %5 F FH APTES
UM Fez0,@Si040 K UKL [ 48 28 g, #4164
DRI IR R o BUHE S G R E R e 2
G E M A E By T, WE R T AR E T .
¥E 6 18 30~60 min B, Xt 25 41k (FLAE £ 4k)
1A BRIk 99.60%, I HARFHH 10 Wk 5 H T
PEATIOR 5 T 64.40%.

T ) R 24 4Tk, SCA B T 7> MNMs ff;
S0 A )RR A M R T AR T R . A Jin 45 1
3 L 3-4n K H I A A N = AR RE B (3-
glycidoxypropyltrimethoxysilane, GPS) F13 Z /4 V.
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145 T K PERE 24K (Carr@PEI@mSiO,@Fe;0,).
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BT B AR .
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